ABSTRACT The effect of intravenous aminophylline on the contractility of the sternomastoid muscle was measured in the fresh state and after the induction of significant fatigue in five normal subjects. Fatigue was produced by repetitive isometric neck flexion, for two seconds every four seconds at 70% of the maximum voluntary contractile force, continued until exhaustion. Each subject performed three experiments, one to two weeks apart, in random order. In experiment 1 fatiguing exercise and recovery were completed without aminophylline; in experiment 2 intravenous aminophylline was started 30 minutes before exercise and continued throughout the 60 minute recovery period; and in experiment 3 intravenous aminophylline was started immediately after the end of exercise. Aminophylline did not influence the frequency-force relationships, relaxation rate, or maximum voluntary contractile force in the fresh muscle. After fatiguing exercise there was a relatively selective reduction in force response to stimulation frequencies of less than 30 Hz, with little alteration in forces at higher frequencies-that is, low frequency fatigue-and this effect was present for the entire one hour study period. Aminophylline given before or immediately after fatigue did not influence the recovery of either low frequency fatigue or maximum voluntary contractile force. Aminophylline at therapeutic concentrations had no significant effect on the contractility or fatiguability of the normal human sternomastoid muscle.
After strenuous exercise in skeletal muscle a particular type of fatigue develops, which is characterised by a selective reduction of force in response to stimulation frequencies of less than 30 Hz, with little alteration of force response at higher frequencies-that is, low frequency fatigue. This type of fatigue, which is long lasting, was initially described in limb muscles,' but subsequently the same phenomenon was shown to occur in the sternomastoid muscle2 and diaphragm3 of normal subjects after inspiratory loaded breathing. More recently low frequency fatigue has been demonstrated in the sternomastoid muscle of patients with chronic obstructive lung disease, after a 10 minute period of sustained maximum voluntary ventilation and after a 12 minute walk along a corridor. 4 Evidence accumulated in the past few years suggests that respiratory muscle fatigue may contribute appreciably to dyspnoea and ventilatory failure,5-7 and such fatigue may often be present in patients with chronic obstructive lung disease.8 It has been suggested that the therapeutic efficacy of aminophylline in these patients may to a large extent be related to an improvement in respiratory muscle contractility,9 and that this could explain the discrepancy that sometimes exists between the poor bronchodilator effect of aminophylline and clinical improvement. " 
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Methods
The experiments were performed in five normal subjects, three men and two women, aged 22-32 years, who were volunteers working in the hospital and who had normal lung function. Drinks containing theophylline were avoided for at least 24 hours before each study. All subjects were familiar with the techniques used and gave informed consent. The study was approved by the committee on the ethics of clinical investigation at the School of Medicine, University College London.
A portable apparatus, developed in our laboratory, was used for measuring sternomastoid muscle contraction force and has been described in detail, with modifications, elsewhere.4 Unilateral contraction of the sternomastoid muscle produces lateral flexion of the head and neck to the ipsilateral side and rotation to the contralateral side. The force generated by stimulating the right sternomastoid muscle was measured by means of a pressure transducer probe (Dynanometer type-UF2 transducer) with a curved Perspex head, which was positioned to fit around the medial (sternal) tendon of the muscle. The probe displaced the tendon posteriorly and consequently measured an anterior force vector as the muscle contracted and sought to straighten. The probe was kept firmly applied to the muscle tendon by a clamp, and generally resulted in very little discomfort. Subjects were tested with the head and neck in the anatomical position, at 350 to the horizontal. All exercises and measurements were performed at the same starting sternomastoid muscle length. Breathing was suspended at end tidal expiration and sternomastoid muscle contraction was then stimulated.
The sternomastoid muscle was stimulated electrically with a surface electrode (Red Dot silver/silver chloride self adhesive electrode) placed over its midpoint, where it receives its motor innervation from the spinal accessory nerve. The precise position of the stimulating electrode over the midpoint of the muscle was established by searching for the site at which the maximum force with single stimuli (delivered at I Hz) was achieved. In this way the sternomastoid muscle was made to contract by stimulation of its intramuscular nerves, with unidirectional square wave impulses of 50ps duration, at 30-60 volts. The frequency-force curve was generated by stimulating the muscle at set frequencies (that is, 1, 10, 20, 50, and 100 Hz) for two seconds in ascending order. This stimulation series was repeated twice on each occasion with a 10 second rest between each series. Supramaximal stimulation of the sternomastoid muscle was not possible in our subjects because of the discomfort it causes, although it was clear that most of the muscle was made to contract vigorously. It has, however, been established in other skeletal muscles that the shape of the frequency-force curve, obtained from maximal stimulation of part of the muscle (as carried out in our studies), is the same as that obtained from supramaximal activation, provided that a substantial proportion of the muscle is made to contract.18 As a numerical index of the frequency-force curve the 20:Max ratio was calculated (that is, the ratio of the force generated at 20 Hz to the maximum force in that stimulation series). After fatiguing exercise this ratio was reduced as the frequency-force curve moved to the right, reflecting low frequency fatigue.
Fatigue of the sternomastoid muscle was produced by repetitive isometric neck flexion for two seconds every four seconds at 70% of the previously determined maximum voluntary contractile force. This exercise was continued until exhaustion-that is, until the target force, displayed on an oscilloscope, could no longer be achieved on five consecutive attempts. Exhaustion occurred reproducibly after 2.5-3.5 minutes in all five subjects.
Three experiments were performed by each subject, one to two weeks apart, in random order. The protocols for these experiments are shown in figure 1 . Experiments 1 and 2 tested the effect of aminophylline on the frequency-force curve in the fresh muscle, and the ability of the drug to reduce the degree of low frequency fatigue developing in the muscle after exhaustive exericise. Experiment 3 tested the effect of the drug on recovery from fatigue, and for this reason the aminophylline was started immediately after the end of the exercise. We also wished to discover the time course of recovery of the maximum voluntary contractile force in the sternomastoid muscle after exhaustive exercise, and to ascertain whether intravenous aminophylline affected this in any way. Each subject was therefore asked to produce their maximum voluntary contractile force one, three, six and nine minutes after the fatiguing exercise in each experiment. These values were then compared with the maximum voluntary contractile force produced by the fresh stemomastoid muscle at the beginning of each study. In experiments 1 and 2 the subjects repeated the maximum voluntary contractile force 30 minutes after the baseline tests to determine whether aminophylline had any effect on the maximum voluntary contractile force in the fresh muscle. The relaxation rate of sternomastoid muscle contraction was also measured, as previously described for other skeletal muscles. 19 In experiment 2, aminophylline was administered by intravenous infusion into the right arm at a dose of 7 1, 2 (fig 2) , and 3 respectively. There were no significant differences in the percentage falls in 20:Max ratio between experiments with and without intravenous aminophylline infusion at 10, 30, or 60 minutes after fatigue, in any of the five subjects (fig 3) . Aminophylline had no obvious effect on the extent of reduction in force at any frequency at any time during the experiments.
The maximum fall in maximum voluntary contractile force was seen at one minute after fatigue with mean maximum percentage falls in force of 24.3% (4.8%), 23.7% (2.7%), and 24.4% In experiment 2 the mean plasma theophylline concentrations for the five subjects immediately before and 10 minutes after fatiguing exercise were 15 
Discussion
These results suggest that aminophylline at concentrations known to be therapeutically acceptable in man had no obvious potentiating effect on the fresh or fatigued sternomastoid muscle. The experimental protocol resulted in appreciable low frequency fatigue of the sternomastoid muscle, as indicated by a shift in the frequency-force curve to the right with reduction of the 20:Max ratio, which persisted throughout the study period. Neither the development of this fatigue nor recovery from it was influenced by concentrations of aminophylline in the upper half of the normal therapeutic range. The maximum voluntary contractile force produced by the fresh muscle was also unaffected by aminophylline, and its recovery during the first nine minutes after exhaustive exercise was not improved. High motor neurone firing frequencies (that is, > 30 Hz) are necessary to produce maximum voluntary contractions,20 and such frequencies can be maintained for only short periods. Aminophylline seems unlikely therefore to have any major effect on 
